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Introduction to pp — tHq

® Investigate coupling of the Higgs boson to fermions — Agq o< (kv — Kr)

m Destructive interference in SM
= cross-section is 18.3 fb
® With 5] = —1
® owg = 234 b
m 13 times enhanced compared
to SM case
a BR(H — v7v) 2.4 times
enhanced

=Y/ YM

Christian Boéser Experimental searches for tHq

G(pp ~ H+ X) |pb]

10

[

"

10°

102

E T I I I 7T T T3
E pp — H(NNLO + NNLL QCD + NLO EBW) Is=8 Tev
L pp - qqH (NNLO QCD + NLO EW) ]
£ pp — WH (NNLO QCD + NLO EW) —
E bp . ZH (NNLO QCD + NLO EW) 3
L pp - tiH (NLO QCD) ]
L @ ]
E" M. Farina et al., JHEP 1305 (2013) 022 E
B 1
120 122 124 126 128 130 132
M, [GeV]

02.10.2014 2/16

LHC HIGGS XS WG 2014



Motivation ATLAS ﬁ

E)’“E“WE M —

m tHq also sensitive to other modifications of the SM
(FCNG, single vector-like quarks, ..)

Preliminary 19.7 b (8 Tev) + 5.1 o™ (7 Tev)
CMS Prelimi : :
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m Coupling constraints from ATLAS + CMS disfavor k; = —1,
under assumption of only SM contributions to the total width

m BSM contributions to the loops in the Hy~ and Hgg couplings are
allowed — k;y = —1 still tolerated
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http://cds.cern.ch/record/1670012
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Experimental investigation of tHq and iy 115" e

EXPERIMEN M

ATLAS ==

Constraints on £ Search for tHq

via ttH search Approach with ky = —1

H— vy
H— vy Channels H - bb
MADGRAPH + PYTHIA 8 tHa MC MADGRAPH + PYTHIA 6
4-Flavor Scheme (FS) q 5FS (77), 4FS (bb)

4-flavor vs. 5-flavor scheme

a Additional b quark only through parton shower in 5-flavor scheme
a Better description of spectator b quark kinematics in 4-flavor scheme
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CMS: Direct search for tHg and H — ~~ with
KRy = —1
CMS-PAS-HIG-14-001
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CMS H — ~~: Overview

m Search for resonance in m(~yy) distribution
Reconstruction

a Higgs: 2 photons with pr > 50 - m., /120 and 25 GeV
m Top:
m 1 lepton with > 10 GeV and AR > 0.5 w.r.t. photons
m 1 b-tagged jet with > 20 GeV
m No cuton £t

m Recoil jet: Hardest additional jet, must have pr > 20 GeV and 7| > 1
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CMS H — ~~: Overview

Reconstruction

s

Search for resonance in m(~~y) distribution =

Normalized to Unity

Higgs: 2 photons with pr > 50 - m., /120 and 25 GeV
Top:
m 1 lepton with > 10 GeV and AR > 0.5 w.r.t. photons

m 1 b-tagged jet with > 20 GeV
m No cuton £t

Recoil jet: Hardest additional jet, must have pr > 20 GeV and || > 1

CMS Si ion (L i \s=8TeV
B T B > m 5-variable likelihood discriminant
05; D'“q ﬁ g (LD) to suppress ttH background
F [ Jurtteny © m CutonlD > 0.25
0.4f £ - R
. r-] a Ensures ttH contamination < 10%
03f £ m Selection efficiency tHg: 17%
[ T
02f ﬁ Process  Yield
E g tHq (st = —1)  0.67
o1 = fiH 0.03+0.05
—— - ‘ (3 VH 0.01 +0.01
00 0.2 0.4 0.6 0.8 1 o

otherH 0

tHq Leptonic LD
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CMS H — ~~: Results

Background shape

= Non-resonant background estimation via
fit in loosened m(~y+y)-sideband regions
fsignal region fbg(m"r"{)dm’Y’Y — 77%

a o=
sideband region Tog (my~)dmey~

Opening the box

CMS Preliminary, L=19.7 fb *at Vs =8 TeV
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CMS Preliminary, L = 19.7 fb" at |s =8 TeV
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CMS: Direct search for tHq and H — bb with
KRy = —1

CMS-PAS-HIG-14-015

m Posters @ TOP 2014:
w Event interpretation in the context of the search for H — bb in
association with single top quarks, Andrey Popov
w Search for H — bb in association with single top quarks as a test of
Higgs couplings, Benedikt Maier
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CMS H — bb: Overview

Challenging multijet final state

3 or 4 b jets (spectator b outside of
tracker acceptance in ~ 30% of the
cases)

1 forward light jet

1 isolated charged lepton and Fr

Expected yields

S/B
3tagregion ~ 0.7% (13/1900 events)
4tagregion ~21% (1.4/66 events)
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CMS H — bb: Overview

Challenging multijet final state

3 or 4 b jets (spectator b outside of
tracker acceptance in ~ 30% of the
cases)

1 forward light jet

1 isolated charged lepton and Er

u Expected yields

S/B
3tagregion ~ 0.7% (13/1900 events)
4tagregion ~21% (1.4/66 events)

a {t production dominant background
= Monte Carlo approach
u Data-driven cross-check
m Validation of input variables in tt control
region

Christian Boser Experimental searches for tHq

Signal enriched phase space

tH reconstruction ttbar reconstruction

tH variables ttbar variables global variables

final MVA discriminator
tH vs background

fit on MVA output

m Three MVAs for reconstruction
and classification
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CMS H — bb: MVA power®

Reconstruction

Je?

Classification

a Jet assignment to final state
quarks is combinatorial issue

Train two MVAs for jet assignment

a under signal hypothesis
a under tt hypothesis

m Reconstruct all possible combinations

m Take assignment with largest MVA output

4

o 10CMS Simulation Preliminary 8 TeV - ‘ ‘ 20 fb! (8TeV)
% o £ 1000 [ MUon chame oms |
N bkg exam z 3T region Preliminary
s 0.08 + sgn train o m, =125 GeV
= o bkg train % i
)
< k<

0.0 o

500 _

08
MVA response
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CMS H — bb: Results
Fit on MVA response in 4 regions —
20 b (8 Tey) R 95% Upper Limit on O'/O',i‘:,1

% Muon channel ' CMS ——
-~ 3T region Preliminary observed eXpeCted
g 300 -m,=125 GeV SHG
2 MC approach 7.57 5147275
z Su DD cross-check 6.95 6.2472:28
o
E
e a Results in good agreement with SM
o CMS Preliminary 20 fb (8 Tev)
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EXPERIMENT

ATLAS: Constraints on «; via ttH search
CERN-PH-EP-2014-179 = =
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ATLAS H — ~~: Reminder

Details provided in Mark’s talk

Search for resonance in m(y7)
distribution

High ttH purity event selection

Selection efficiency tHg: 6.2%

tH production non-negligible
background

Hadronic

Leptonic

Combined

@ATLA

EXPERIMENT

ATLAS

2011-2012

F—7 Tev, J'L dt=4. 5 fb 1

\s=8 TeV, [L dt= 20.3 fot |

B9 Expected (0=0) + 10 |
"""" Expected (0'™=0) + 20

— Observed

5

20 25 30 35

95% CL limit on o™/} at m,, = 125.4 Gev

Compared results on ttH with H — ~~

expected
observed (SM signal injected) M Interpret these results
ATLAS 6.7 6.2 as 95% CL limits on
CMS 7.4 5.7
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. 3 i QATLAS
ATLAS: From ttH search to constraints on x; $AILAS
Yields:
Category Ny ggF VBF WH tHqg WtH N
8 TeV leptonic 058 | 1.0% 02% 8.1% 2 3% 80 3% 5.6% 2 6% | O. Qf%i
8 TeV hadronic 049 | 7.3% 1.0% 0.7% 1.3% 84.2% 3 4% % 27799
. \/
m x; changes cross-sections and BR(H — ) WtH production
s 1P T T T T I LTy
7] E i 3 & !
- F e 3 A ——————
S 0k " SM _
= E BRH - yy) 3
s F T BRyH - ) E H
g 1 < ofH)ogtTH) 3 (pocogsosco
o £ <. O(tH)/og,(tH) ]
d 107 3
10-2; ATLAS | ;
F ttH, H - iy E
10° E
E (s=8TeV, m,=1254GeV 3
103 5 z r 6 8 10
Kl
a Accidental cancellations = minimum of aMC@NLO, 5-flavor scheme,
BR(H — 77) at sy = +4.7 interfaced to HERWIG++
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ATLAS H — ~~: Results QATLAS

.
)
™

BT T T T T T T T T T T T T T
E ATLAS JLdt=45fb" (s=7Tev
[ 2011-2012 JLdt=203fb% \s=8Tev

-
<

m Scan kg, set other couplings
to SM values

OXBR(H — yy)
0xBR(H - yy)(K,)

i
o
T

Gl ol ol ol o

| I .. S a Null hypothesis: background
1S5
= — Observed CL, limi ; :
I I — Expocted Lot + SM Higgs production
2 F R
@ F +2 . .
Wy 95% C.L. Limit on i
e ‘ “ Observed  Expected
g ase \ ATLAS / Upper Limit +8.0 +7.8
T E Lower Limit -1.3 -1.2
356 Ldt=451f" (s=7Tev
sb }Ldt =20.3fb™ Vs =8TeV
25F m, = 125.4 GeV a Consistent with SM

expectation of k; = 1

a Best fit for k; slightly below 0
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=
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Summary

Investigation of tHq is an active field with a lot of potential
Great results already with the current data

Short term plans
® ATLAS: Including ttH resultson ;g
into coupling exclusions z
s

GO+ NLOEW)
g H(NNLOSNNLL O N

2
mmag
o

!

m CMS: Combination of all available
tHq searches

a MC: aMC@NLO will replace !
MadGraph as tHq generator

= 21 (NNLO GCD + NLOEW)

. o)
107" g o 0 .

Stay tuned!

~ [T
©
©
o
)

13 14
Vs [TeV]

onco(pp) — tHq [fb]

RF = 1 RF = —1
8 TeV 18.3 234
14 TeV 88.2 982
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BACKUP
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Cross sections

m Cross section is challengingly small
m The main background is {t; its cross section is provided for comparison

Cross-section 8TeV 14 TeV

tHg, y; = +1(SM) | 18.3 0.4t 88.27 7 b
tHg, y; = —1 233.8758fb  98073%1fb

ft 24579 pb 950730 pb

2
A= [(or — o) BBA(L 616 ) + ( 22 4 (200 — o) i ) B (L, 456,60)
with cg = g,,,,/gh” ,Cv = ghWW/ghWW
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http://arxiv.org/abs/1211.3736
http://arxiv.org/abs/1303.6254
http://arxiv.org/abs/physics/0306138

Flavor Scheme Comparison

4FS, pp—tHg 5FS, pp—tHq

TSTTD

TS

a m(b) > m(p) — b quark is no proton
constituent, m b quarks in initial state, i.e. inside the proton

a b quarks can only be pair-produced in high m Additional b comes through parton shower
Q2 production

Christian Béser Experimental searches for tHq 02.10.2014 19/16



CMS-PAS-HIG-14-001

a 5 input variables for likelihood
discriminant

m jet multiplicity

a transverse mass of the top
candidate

a pseudorapidity of the qJet
candidate

m rapidity gap between the
lepton and the gJet

a charge of the lepton
candidate

m CutonlD > 0.25

m Contribution of ttH less than
10%

Christian Boéser Experimental searches for tHq
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CMS-PAS-HIG-14-001

_ f signal region fog(Myy )dmyy

f sideband region fog (M )dmsy

m Used sidebands for maximum likelihood fit

m CSVL: similar to the nominal selection, but defining the bJet candidate as the hardest
jet in the event which pass the 'loose’ CSV requirement

m CSVO0: same selection as the signal region, but defining the bJet candidate as the
hardest jet in the event with || < 2.4, with no b-tagging requirement

m InvID CSVL: same selection as CSVL, but with inverted photon ID criteria on one of
the two photons

m InvID CSVO0: same selection as CSVO0, but with inverted photon ID criteria on one of
the two photons

a Fitted shape of the CSVO0 CR (o = 7.7%) is taken as nominal. Full difference to
InvID CSVO (a = 10.2%) is taken as a systematic uncertainty (33 %)
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CMS-PAS-HIG-14-001

Table : Summary of the adopted systematic uncertainties.

tHq ttH VH Continuous BG
Luminosity +2.6% +2.6% +2.6% -
PDF +3.1/-25% +8% +11% =
QCD Scale +4.8/-43%  +11/-14 % +2.3% -
Signal Model +5.5% = > =
Photon Energy Resolution +4/-2 % +4/-2 % +4/-2 % -
Photon Energy Scale +1/-4 % +1/-4 % +1/-4 % -
Photon ID Efficiency +2% +2% +2% -
Vertex Efficiency +0.1% +0.1% +0.1% =
HLT <0.1% < 0.1% < 0.1% -
JEC +1.5% +3/-5 % +8% -
JER +0.5% +3% +8/-0 % -
b-tagging +2% +1.5% +0.1% -
PU ID +2% 4+0.5% +2% -
Lepton Reconstruction +1% +1% +1% -
BG shape - - - 33%
02.10.2014
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CMS-PAS-HIG-14-015

Baseline Selection

® Specialty: variable jet pT threshold
m pr > 20GeV for | < 2.4
w pr>40GeVfor2.4 < |n| < 4.7
a Broad binning in jet (2.4 — 3.2 & > 3.2) for forward jets

m Summary of the event selection:

a Regions with 3 or 4 b-tags are considered
as independent bins in the analysis

3-4 jets pass CSVT m In addition, exploit a tt control region.

> 1 jet fails CSVT Differences in the selection:

m Exactly two jets pass CSVT
m At least three central jets (|n] < 2.4)

1 u/e, anditis tight

,0'|'(j4) > 30 GeV
Er > 35/45GeV (u/€)
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CMS-PAS-HIG-14-015

Electric charge of b-quark jet from decay of top quark, multiplied by lepton’s
charge. The jet charge is defined as in Eq. (1) in Ref. [37], with x =1

AR between the two jets from decay of Higgs boson

AR between b-quark jet and W boson from decay t — bW

AR between reconstructed top quark and Higgs boson

Pseudorapidity of recoil jet

Invariant mass of b-quark jet from decay of top quark and charged lepton
Mass of reconstructed Higgs boson

Pseudorapidity of the most forward jet from decay of H

Tranverse momentum of the softest jet from decay of H

Number of b-tagged jets among the two jets from decay of H

Boolean variable that equals 1 if the b-quark jet from decay of t is b-tagged,
0 otherwise

Relative HT, (PT(t) + PT(H))/HT
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CMS-PAS-HIG-14-015

o

Difference of electric charges of b-quark jets from decays of thaq and tip,
multiplied by lepton’s charge

AR between the two light-flavor jets from decay of tpaq

AR between b-quark jet and W boson from decay thag — bW

AR between b-quark jet and W boson from decay te, — bW

Difference between masses of t,,q and W from decay of ty,q
Pseudorapidity of thag

Invariant mass of b-quark jet from decay of tiep and charged lepton

Mass of W from decay of tpaq

Number of b-tagged jets among the two light-flavor jets from decay of th,q

Boolean variable that equals 1 if the b-quark jet from decay of ty,,q is b-
tagged, 0 otherwise

Boolean variable that equals 1 if the b-quark jet from decay of ti, is b-
tagged, 0 otherwise

Transverse momentum of thaq
Transverse momentum of tiep
Relative Hr, (pr(thaa) + pr(tiep))/ Hr

Sum of electric charges of the two light-flavor jets from decay of ty,,4, multi-
plied by lepton’s charge
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CMS-PAS-HIG-14-015

Electric charge of the lepton

Pseudorapidity of the recoil jet
Number of b-tagged jets among the two jets from the Higgs boson decay
Transverse momentum of the Higgs boson

Transverse momentum of the recoil jet

AR between the two light-flavor jets from the decay of ty,q
Mass of t.q

Number of b-tagged jets among the two light-flavor jets from the decay of
thad

Christian Béser Experimental searches for tHq 02.10.2014 26/16



CMS-PAS-HIG-14-015

impact as exclusive  improvement of final limit

Source Type source on final limit [%] after removal [%]
JES shape 17 3
JER shape <1 <1
BTag light flavor shape 13 <1
BTag heavy flavor shape 17 <1
Pile up normalization <1 <1
Unclustered energy  shape 3 1
Lepton efficiency normalization 5 <1
Luminosity normalization 10 <1
Cross section (PDF)  normalization 8 <1
Cross section (Scale) normalization 9 <1
MC Bin-by-Bin unc.  shape <1 <1
Q% scale (tHq + t])  shape 20 4
Matching shape 2 2
Top pr reweighting  shape 19 2
tf HF rates (b) normalization 13 <1
tF HF rates (bb) normalization 15 <1
tf HF rates (¢ / c¢) normalization 13 1
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CMS-PAS-HIG-14-015

impact as exclusive

improvement of final limit

Source Type source on final limit [%] after removal [%]
JES shape <1 <1
JER shape <1 <1
BTag light flavor (MC) shape <1 <1
BTag heavy flavor (MC) shape 6 3
Pile up normalization <1 <1
Unclustered energy shape <1 <1
Lepton efficiency normalization <1 <1
Luminosity normalization <1 <1
Cross section (PDF) normalization <1 <1
Cross section (Scale) normalization <1 <1
Q? scale (tHq) shape <1 <1
MC Bin-by-Bin unc. shape <1 <1
BTag light flavor (DD #f)  shape 4 <1
BTag heavy flavor (DD tf)  shape <1 <1
t contamination shape 9 16
Method bias shape 9 3
Scale shape <1 <1
tt HF rates (b) shape 12 3
t HF rates (bb) shape 15 5
tF HF rates (c / c¢) shape <1 <1
Christian Béser Experimental searches for tHq 02.10.2014
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ATLAS CONF-2014-043 $

Run I: Object and Event Selection

» Trigger / Objects
o EF_g35_loose_g25_loose, p;” >0.25/0.35*m,, GeV
a pe> 15 GeV(medium++), p*> 10 GeV(staco), pj > 25 GeV
a |JVF|> 0.5, btag@80% (continuous MVic)
* Hadronic:
Q Nj61 - 6 @ 25 GeV thag@80‘7 2 2 Nlep 0
,e1 25@30 GeV, Nyyge70% 2 2, Nigp, =0
J N jet = 26, thog@607 21, NIep =0
a Op’rlm|zo’rlon
= Suppress non-Higgs processes
= High purity of #{H w.r.t. non-ttH Higgs processes (ggF)
* Leptonic:
a Np 21, M, veto, Nyyog@soz = 1, MET > 20 GeV
a Np21, Me, veto, Nyioges0% 2 2
o Optimization:
= High ttH signal efficiency

&Y= HSG8 Run 2 Kick-off
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ATLAS

EXPERIMENT

ATLAS CONF-2014-043 $

Table : Summary of systematic uncertainties on the final yield of events for 8 TeV

data
ttH [%] tHq [%] WtH [%] ggF [%] WH [%]
had. lep. had. lep. had. lep. had. lep.
Luminosity +2.8
Photons +56 +55 56 55 £56 £55 +5.6 S=585)
Leptons <01 07 <01 =£06 <01 =+06 < 0.1 +0.7
Jets and fr +74 07 £16 £1.9 £11 +2.1 +29 +10
Bkg. modeling 0.24 evt. 0.16 evt. applied on the sum of all Higgs boson production processes
Theory (o x BR) 7, =6 +14,—12 +14,—12 +11,—-11  +5.5,-5.4
MC Modeling +11 +33 £12 +44 £12  +46 +130 4100
02.10.2014
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ATLAS CONF-2014-043

Process o [pblat 7 TeV | o [pb] at 8 TeV
itH 0.08620 0% 0.129+00'2
tHgb, ki, = +1 | 0.011173000% | 0.0172*0012
tHgb, k; = 0 0.04070.003 0.059*9001
tHgb,k, = =1 |  0.12979010 0.197+5014
WiH, k= +1 | 0.0029*5:0007 | 0.0047+0-000
WiH, k=0 0.0043*00008 | 0.007370.0017
WiH, k= -1 |  0.016*0% 0.027+5:006
ggF 151+ 1.6 19.3+2.0
VBF 1.22+0.03 1.58 +0.04
WH 0.579 £0.016 | 0.705+0.018
ZH 0.335+0.013 | 0.415+0.017
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